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Whcn this project  was  initially undertaken, we felt that we were  well 
prepared and that i t  would not; Le too difficult to construct  an el l ipsometer 
for  measurement of the thickness and uniformity of epitaxial l ayers  of GaAs 
on a GaAs substrate of different refractive index. The s ta te  of the a r t  a t  that  
t ime was that the ma the~na t i c s  for the analysis  of el l ipsometric data  for  con- 
3,s. 
ventional isotropic surfaces  and f i lms was  well understood. While there  is 
always room for interpretation of data, we felt that we were  adequately p re -  
4 
pared for this problem. 
Upon subsequent reading of the mos t  cur ren t  l i t e ra tu re  (1) (some of 
which was not in  print  at the t ime tlris proposal  was f i r s t  submitted) and in  
discussions with some groups involved with epitaxial l aye r s  we were  forced 
to the unfortunate conclusion that epitaxial thin f i lms would probably be anis-  
otropic in nature. The equations available for  ellipsome t ry  of i sot ropic  s u r  - 
faces and thin f i lms a r e  completely inadequate for the analysis  of anisotropic 
surfaces and f i lms and if the isotropic equations a r e  used when the surface 
o r  film under study i s  not isotropic then  the thickness of the film deduced 
f rom the use of these equatioils would have little, i f  any, relation to the t rue  
thickness of the film. We, therefore,  undertook an  extensive examinaticn of 
the el l ipsometric equations for anisotropic surfaces  and thin f i lms.  Some of 
these resul ts  a r e  summarized herein. 
We le t  P, A, and Q represen t  the angular set t ings of the polar izer ,  
analyzer, and compensator of an el l ipsometer configured such that  the coln- 
pensator elliptically polarizes the beam pr io r  to str iking the sample surf-ace. 
These angles a r e  measured counter -clockwise for an  observer looking into 
the beam and a r e  considered to bc zero when tl1e transmission axes of the 
polarizer and analyzer and the fast  axis of the compe~lsator a r e  i n  the plane 
..- 
of incidence. If we assume for a moment that we a r e  dealing with a compen- 
sator with quarter-wave retardation, then the polarization of light immediately 
before it strikes the surface of the sample is given by (2) 
cos Q cos(P - Q) + i s in  Q sin(P -9) 
s in  Q cos(P - Q) - i cos Q sin(P -9) I 
where Ep, and Es, i s  the Jones vector (3)  which represents the polarization 
of the light immediately before i t  strikes the sample surface. Immediately 
after reflection from the surface, the polarization of light is given by the 
Jones vector. 
Now, if  we use the el l ipson~eter  as a nulling instrunlent and we can 
find a setting of the analyzer which will extinguish all of the light reflected 
from the surface, then i t  i s  evident f rom Eq. (2)  that the phases of the two 
components of the Jones vector for the reflected radiation ,must be equal, or 
equi-~alently, the imaginary part  of the ratio of Ep, ./Es, must  be zero. 
Using this fact, a bit of tedious algebra demonstrates that there a r e  two 
settings of polarizer wl~ich'will yield a null. These a r e  
and 
P2 = )I{" - s i n - l ( l l / ( ~ ~  1 ~ ~ 1 % )  - t a l i 1 ( ~ / F ' ) }  + Q 
Here F, G, and H a r e  related to the elements of the matrix R by 
and 
H = - Im(R R +) - Im (R 12R22*); 11 2 1  
where '2' denotes complex congigate. 
Each of these values can be used in turn to ~ a l c u l a t e  an  associated setting of ! 
the analyzer which will extinguish this polarized light. I 
The equation which applies here  is 
tan A = - K11 E p , i  + R12 Es,i 
K21 E p , i  + *22 E s , ~  
which gives two values for A, one for each of the values of P in Eqs. (3). 
It is convenient here to mention the fact that the equations of ellipso- i 
metry applied to isotropic systems have the off-diagonal elements of the matr ix  
K in Eq. (2 )  equal to zero. In fact, for an isotropic surface or  any cornbina- 
tion of isotropic surfaces and fi lms one need not write out Eq. (2)  in the form 
given, since in isotropic cases  one can calculate reflection coefficients, and 
a matr ix formulation i s  not necessary. 
The proble111 is now reduced to the calculation or determination of 
the matrix 13 for  an anisotropic surface o r  a combination of anisotropic sur -  
faces and filtns. This i s  a problem of consicler~ble difficulty. We initially 
approached the problem by cofisidering a situation similar to that depicted in 
Figure 1. This figure represents polarized light incident on, and reflected 
from, a biaxial substrate with principal values of the refractive index n, 
5, and nz. Our irpproach was to note that there will be two independent 
polarizations which propagate t h r o ~ g h  the anisotropic medium. F r o m  Snell's 
law, plus Fresnel 's  equation for light propagating through a biaxial medium, 
we were able to find numerical solutions for the two angles of refraction and 
subsequently for the two refractive indices which correspond to these two 
angles. Given these quantities, i t  i s  a relatively simple matter (4) to find 
the direction numbers associated with the electric and magnetic fields in the 
anisotropic medium. Finally, boundary conditions require that the tangential 
components of the electric and magnetic fields be continuous across  the inter - 
face. The fact that these boundary conditions must  hold gives four linear 
equations in six unknowns, and this set  of equations, written in matr ix  form, 
can be reduced to a set  of two equations and magnetic fields for the trans- 
mitted beams. Thus, the matr ix  R can be calculated for this particular 
single surface, provided the optical constants of the surface a r e  known. 
W e  a r e  compelled to point out here that this method of calculating R ,  
even for a single surface, requires that the surface be biaxial. The equations 
used for finding direction nurnbcrs of the electric and magnetic fields becon~c 
singular i f  the matorial under consideration i s  not biaxial. Any generalisa- 
tion of this method to thin fikms would require that the thin fi lms be biaxial, 
Therefore, another method for calculating the reflection matrix was sought. 
A recent development in the calculation of the optical properties of 
liquid crystals under certain conditions ultimately provides what i s  probably 
the most general and econo,mical method of calculating the reflection matr ix 
for an arbitrary,  but known, surface or  combination of arbi t rary surfaces 
and films. This method has been best described by Berreman (5). This for- 
malism involves writing Maxwell's equations in 6 x 6 matr ix  form and, by 
applying appropriate boundary conditions a t  proper points in the development of 
the formalism, reducing the equation for the propagation of light through an 
anisotropic medium to an eigenvalue problem using a 4 x 4 matrix. 
I t  would not be in order here  to extensively discuss this formalis l ,~ 
since i t  has  been presented succinctly and accurately by Berreman. However, 
we should point out that i t  does eliminate the problem of singularities mentioned 
above and i t  generalizes quite easily to the ellipsometry of anisotropic thin 
films. 
. . 
A computer program employing this formalism has been written for 
the analysis of ellipsometric data for anisotropic films. This program was 
debugged and ran  successfully approximately four weeks ago. Examination of 
the output of the program using artificial optical constants shows that ellipso- 
metry is capable of measuring the thickness of an anisotropic fikm accurately 
provided that data a r e  taken a t  several angles of incidence and also a t  several  
orientations of the sample relative to the plane of incidence, We now believe 
that we have the problem of el l ipso~netry of anisotropic surfaces and f i l ~ n s  
solved, a t  lcast  in principle. 
The construction of the infrared ellipsolneter has  not proceeded quite 
as we had hoped, partly because we were preoccupied with the problems 
associated with the interpretation of ellip sometric data for  anisotropic systems. 
The polarizer and analyzer of the infrared ellipsometer were mounted and 
tested and these components proved adequate. We did experience some un- 
expected difficulties in  aligning the ellipsometer a s  well a s  with the various 
infrared detectors purchased. However, w e  shall continue our efforts to 
develop an infrared ellipsometer. When we  succeed this instrument will be 
made available to NASA. 
We intend to incorporate the information we have assembled and dis- 
cussed in  this report  a s  par t  of a paper which we will submit to the Journal 
of the Optical Society of America within the next month. The publication of 
this paper represents a significant step forward in the developrneilt of ellip- 
sometry a s  a tool for the study of surfaces and thin films. 
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